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1. Introduction 
Currently, several companies are involved in the transport of radiofrequency (RF) or 
microwave signals radio over fiber links (RoF). RoF links are considered a promising 
technique in providing broadband wireless access services in the emerging optical-wireless 
networks. The modulation scheme which decides the way to generate the optical millimeter-
wave signal is a key technique in this optical-wireless access network architecture [1–3]. The 
simplest RoF system consists of a Central Site (CS) and a Remote Site (RS) connected by an 
optical fiber link or network. The frequencies of the radio signals distributed by RoF systems 
span a wide range (usually in the GHz region) and the applications for such systems range 
from in-building distribution of wireless signals (for example in shopping malls and 
tunnels), wireline interconnections between base stations and microcellular antennas, 
antenna remoting for various commercial (wing-tip antennas in aircraft) and military radar 
systems and broadcasting of cable television signals in both hybrid fiber coax (HFC) and 
triplexer based fiber-to-the-home (FTTH) systems [4]. On the other hand a traditional RF 
photonic link operating at 1550 nm consists of a directly modulated DFB laser diode, a 
length of fiber optic as transmission medium, and a photo-detector (PD) [5]. The fiber 
chromatic dispersion intrinsically occurring in standard 1550 nm single-mode fibers (SMFs) 
is one of the main drawbacks that limit the transmission distance and operation bandwidth 
of such RF fiber-optic systems. However if low dispersion fiber is used in conjunction with 
an appropriate choice of the laser operating parameters the system becomes quasi linear [6]. 
DFB lasers are the proper light sources for these applications because of their single 
longitudinal mode, with side-mode suppression ratio (SMSR) in the order of 40 dB, and 
stable operation with a narrow spectral width. However, the characteristic relaxation 
oscillations peak in the laser intensity which produce sidebands on both sides of the main 
laser line, impose a limiting factor on the proximity of two channels in a communication 
system. Besides these characteristics, limit the high frequency response of semiconductor 
lasers and the sensitivity in low frequency applications. In order for an optical analog 
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transmission of GHz-range signal to be successful in RoF systems, it is necessary to have a 
good DFB laser without their inherently serious problem of the modulation distortion 
caused by several factors: spatial-hole burning (SHB), leakage current, nonlinear interaction 
of carriers and photons, gain compression, nonlinear I-V characteristics in a p-n 
heterojunction, and power dependent absorption and including relaxation oscillations 
frequencies. However, recently the authors have demonstrated in reference [7] that when a 
DFB laser biased in the low laser threshold current region, relaxation oscillation frequencies 
in the laser intensity appear. These frequencies were seen as sidebands on both sides of the 
main laser line when the optical spectrum was analyzed with a spectrum analyzer. This 
result allowed the generation of microwave signals on C band using direct detection 
method. In addition with the proposed experimental setup in [7], the authors also 
demonstrate an analog NTSC TV signal transmitted and satisfactorily received in a short 
distance wireline communication system by using relaxation oscillation frequency as an 
information carrier. The proposed microwave photonic link architecture used to transmit 
simultaneously a TV signal at 4 and 5 GHz and over 30 km of standard optical fiber is 
shown in Figure 1.  
 
Figure 1. Experimental setup for transmitting a TV signal by using relaxation oscillation frequency as 
information carrier. 
The procedure proposed here starts with the use of two DFB laser diodes emitting at  
1550 nm and operating in the low laser threshold current region. When the generated 
emissions in both lasers are detected by a fast photo-detector using direct detection method, 
two relaxation oscillation frequencies are obtained. These frequencies acting as information 
carriers are mixed with TV signals. The signal obtained in the output of the mixer is printed 
on an optical carrier as an intensity modulation using a MZ-IM. The intensity-modulated 
optical carrier is then transmitted over 30 km of optical fiber. At the end of the link, a 
photodiode is used to convert the intensity modulation back to the relaxation oscillation 
frequencies mixed with TV signals. After that, TV signals are recovered satisfactorily. 
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In this chapter we start with a brief introduction of microwave photonics. In this first section 
we describe some schemes for photonic generation of microwave signals with applications 
in radio-over-fiber systems. After that, in the second section, a detailed theoretical 
description of the relaxation oscillation frequency in DFB lasers is presented. Moreover, the 
term photodetection is commonly used here, and we take advantage to introduce the 
operation principle of direct detection method. In this same section we describe a 
microwave photonic link by using external modulation. Next, we briefly discuss some 
passive components suitable for microwave photonics, the main one being optical fiber, but 
also many of the microwave photonic systems reported in the literature using standard 
single-mode fiber and associated components such as optical isolators, polarization rotator, 
polarization control, and optical couplers. In order to show a potential application in the 
field of communication systems of relaxation oscillation frequencies, it is necessary to report 
in the last section of this chapter the simultaneous multiplexed transmission of an analog TV 
signal of 67.25 MHz (TV channel 4) over a photonic link of 30 Km of optical fiber by using 
two microwave signals at 4 and 5 GHz of our microwave photonic link architecture, giving a 
signal to noise ratio (SNR) performance of an analog photonic link. Finally our conclusion to 
this chapter is provided. 
2. Microwave photonics 
Microwave photonics is an interdisciplinary area that studies the interaction between 
microwave and optical signals, for applications such as broadband wireless access networks, 
sensor networks, radar, satellite communications, instrumentation, and warfare systems. In 
the past few years, there has been an increase effort in researching new microwave 
photonics techniques for different applications. The major functions of microwave photonic 
systems include photonic generation, processing, control and distribution of microwave and 
millimeter-wave (mm-wave) signals. Many research findings have been reported in the last 
few years. In general, the topics covered by microwave photonics include photonic 
generation of microwave and mm-wave signals, photonic processing of microwave and 
mm-wave signals, optically controlled phased array antennas, radio-over-fiber systems, and 
photonic analog-to-digital conversion. In this section we will emphasize the study of 
schemes for photonic generation of microwave signals with applications to radio-over-fiber 
systems. 
2.1. Photonic generation of microwave signals 
Research into the generation of microwave signals using photonic techniques for various 
applications such as fiber-radio wireless access networks [8] and phase array antennas [9] 
has been increasing recently. Techniques which have been proposed and demonstrated 
include harmonic generation using a MZ-IM [10], heterodyne mixing of two continuous-
wave (CW) lasers [11] and resonant enhancement in a monolithic mode-locked laser [12]. 
Among all these previously reported methods, a favored technique is to use optical 
heterodyning between two lasing wavelengths whose frequencies are separated by the 
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desired microwave frequency. Optical heterodyning also has the advantage over other 
generation techniques of generating high RF power, though optical sources with narrow 
linewidth or feedback loops are required during operation [13]. The following section 
includes descriptions of the most common techniques to generate microwave signals using 
the optical heterodyning method, including optical injection locking (OIL) of laser diodes 
[14], external modulation technique [15], dual-mode semiconductor laser sources [16] as 
well as using the optical phase locked loop (OPLL) configuration [17].  
2.1.1. Optical heterodyning  
The basic principle for generating microwave carriers based on the optical heterodyne 
technique represents a physical process called optical beating or frequency beating. A PD 
acting as an optical mixer allow us to obtain a photo-current, which results from the 
difference between two optical sources emitting at frequencies 1  and 2 , where 
1 2 1 2,     . This process is possible when both optical fields are overlapped with 
common polarization, illuminating a PD of responsivity R ; the resulting photo-current is 
given by [18]. 
  1 2 1 2 1 2 1 22 cos ( ) ( )i R P P P P t             (1) 
where 1P  and 2P are the powers and correspond to DC terms, 1  and 2  are the phases of 
the two sources incident on the PD. The term  1 2 1 2 1 22 cos ( ) ( )P P t      , usually 
called intermediate frequency (IF), represents the microwave carrier generated. Figure 2 
shows the experimental setup used for generating microwave signals.  
 
Figure 2. Optical heterodyning for generating microwave signals. 
In this experiment two laser diodes emitting at different wavelengths are used. One of them 
is tunable and can be tuned over the C band with a channel spacing of 25 GHz, and the 
other is a fiber coupled DFB laser source with a central wavelength at 1550 nm. For the 
generation of the microwave signals, the outputs of both lasers are coupled to optical 
isolators to avoid a feedback into the lasers and consequential instabilities to the system. A 
pair of polarization controllers is used to minimize the angle between the polarization 
directions of both optical sources. Thus, the polarization of the light issued from each optical 
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source is matched and therefore, there is no degradation of the power levels in the 
microwave signals generated in the PD. The output of each controller is launched to a 3 dB 
coupler to combine both optical spectrums. After that, an optical output signal is received by 
a fast PD. The resulting photo-current from the PD corresponds to the microwave beat 
signal which is analyzed with an Electrical Spectrum Analyzer (ESA). The other optical 
output resulting from an optical coupler is applied to an Optical Spectrum Analyzer (OSA) 
for monitoring the wavelength of the two beams. DFB laser sources provide the ability to 
control not only the output optical power of the fiber coupled laser diode, but also the 
precise the temperature at which the laser is operating. Both controls can be used to tune the 
fiber coupled laser diode to an optimum operating point, providing a stable output. In this 
way, we can observe that the wavelength of the DFB laser is shifting by varying its 
temperature with a scale of 1ºC. Consequently, the beat signal frequency is continuously 
tuned in the bandwidth of the fast PD. Figure 3 illustrates the spectrums of three microwave 
signals generated with optical heterodyne technique. The generated signals are located at 
2.4, 4.9 and 9.5 GHz when the temperature of the DFB laser was tuned at different values of 
temperatures. The frequency difference from both lasers can be expressed by [19] 
 
  22 1
2
1 2 1 2
cc c c
f
      
       (2) 
where 1  and 2  are the wavelengths of the two beams, respectively, and  is the 
difference between the two wavelengths. 
 
Figure 3. Microwave spectrums continuously tuned from 0 to 10 GHz. 
Advantages 
Using optical heterodyning, very high frequencies can be generated, limited only by the 
bandwidth of the photo-detector [20]. Furthermore, heterodyning yields high-detected 
power (higher link gain) and higher carrier-to-noise ration (CNR). This is so because all the 
optical powers of the two optical fields contribute to the power of the generated microwave 
signal. 
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Disadvantages 
Beating two optical waves from two free-running laser diodes would lead to a microwave or 
mm-wave signal with high phase noise since the phases of the two optical waves are not 
correlated. They would also be transferred to the generated microwave or mm-wave signal as 
shown in Eq. (1). Therefore, the generated RF signal is very sensitive to phase noise. Since 
semiconductor lasers are prone to phase noise, extra measures to minimize the noise have to be 
taken. Techniques used to reduce phase noise sensitivity, OIL and OPLL, are discussed below. 
2.1.2. Optical Injection Locking (OIL) 
To generate a high-quality microwave or mm-wave signal, the phase terms of the two 
optical waves used for heterodyning must be highly correlated. The phase coherence of two 
laser diodes can be realized by using optical injection locking [21].  
 
Figure 4. Optical Injection Locking. 
Figure 4 shows an optical injection locking system that consists of one master laser and two 
slave lasers. As can be seen, RF reference is applied to the master laser. Due to frequency 
modulation (FM) at the master laser, an optical carrier and different orders of optical 
sidebands are generated at the output of the master laser. The signal at the output of the 
master laser is then injected into the two slave lasers. The two slave lasers are selected such 
that their free-running wavelengths are close to two sidebands, that is to say, the +2nd-order 
and -2nd-order sidebands in Figure 4. Therefore, the wavelengths of the two slave lasers are 
locked to the +2nd-order and -2nd-order sidebands, optical injection locking is thus achieved 
[21]. Since the two wavelengths from the two slave lasers are phase correlated, the beating of 
the two wavelengths at a PD would generate a beat note with low phase noise. In addition, 
depending on the design, the frequency of the beat note is equal to an integer multiple of the 
frequency of the RF reference applied to the master laser. 
Advantages 
One advantage of using OIL is that cheaper broad-linewidth lasers can still be used to 
generate stable narrow electrical linewidth signals. Secondly, OIL exhibits good phase 
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noise suppression. Thirdly, because the slave laser locks on to a sub-harmonic of its 
resonance frequency, low frequency reference signals are used. OIL is simpler and easier to 
achieve. 
Disadvantages 
The major disadvantage of OIL is that it has a small frequency detuning range. Optimum 
phase noise suppression occurs only at one point of slave laser detuning relative to the free-
running frequency. 
2.1.3. Optical Phase Locked-Loops (OPLL) 
Another approach to achieving phase coherence between two optical waves is to use an 
OPLL, in which the phase of one laser is actively locked to that of a second laser by an 
OPLL, as shown in Figure 5. This technique has been explored extensively in the past few 
years [22-24]. To achieve effective phase locking, the two lasers should be selected to have 
narrow linewidths and therefore have phase fluctuations only at low frequencies, which 
significantly eases the requirement for a very short feedback loop.  
 
Figure 5. Schematic of an Optical Phase-Locked Loop. 
As shown in Figure 5, a beat note is generated at the output of the photo-detector. The phase 
of the beat note is compared with that of an RF reference from a microwave generator at a 
mixer followed by a low-pass loop filter. The module in the dotted box is an electrical phase 
detector, with the output voltage being proportional to the phase difference between the 
beat note and the RF reference, which is an error voltage that is fed back to control the phase 
of one of the laser sources by changing the laser cavity length or the injection current. With a 
proper feedback loop gain and response time, the relative phase fluctuations between the 
two lasers are significantly reduced and the phase of the beat note is locked to the RF 
reference. 
Advantages 
Because OPLL techniques track small phase variations they are capable of producing high 
quality RF signals with narrow linewidth. OPLLs also have good temperature tracking 
capabilities. In addition, OPLLs exhibit a wide locking range.  
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Disadvantages 
The major drawback of OPLLs is that they require far more complex laser structures such as 
3-contact DFBs. This requirement is a direct consequence of the fact that to track the 
frequency perturbations of the master laser, the tuning rate of the slave laser must be 
sufficiently high. This also implies that sufficient feedback bandwidth must be available. 
The required feedback bandwidth is determined by the summed laser linewidth, the 
requirements for loop stability, and phase noise requirements placed on the optical 
microwave signal by the system in which the OPLL is to be applied. A wide feedback 
bandwidth is necessary if semiconductor lasers are used, because they have a large amount 
of phase noise. In order to achieve the wide feedback bandwidth, the loop-propagation 
delay must be small. 
2.1.4. Microwave generation based on external modulation 
In addition to the techniques using optical injection locking and OPLL, high-quality 
microwave signals can also be generated based on external modulation [25–27]. A method to 
generate a mm-wave signal using an external optical modulation technique was first 
proposed in 1992 [25]. A frequency-doubled electrical signal was optically generated by 
biasing the MZ-IM to suppress the even-order optical sidebands ( 2 f method ). A 36 GHz 
mm-wave signal was generated when the MZ-IM was driven by an 18 GHz microwave 
signal. Such a system was employed for a remote delivery of video services [26]. In 1994, 
another method was proposed to generate a frequency-quadrupled electrical signal ( 4 f  
method). Instead of biasing the MZ-IM to suppress the even-order optical sidebands, the 
method in [10] was based on the quadratic response of an optical intensity modulator. The 
optical carrier and the first and third-order optical sidebands were suppressed by adjusting 
the drive signal level. A 60 GHz millimeter-wave signal was generated when a 15 GHz drive 
signal was applied to the MZ-IM.  
 
Figure 6. Microwave signal generation based on external modulation. 
Figure 6 shows a system to generate a continuously tunable mm-wave signal based on 
external modulation using a MZ-IM and a wavelength-fixed optical filter [28]. The 
significance of the technique is that no tunable optical filter is required, which significantly 
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simplifies the system implementation. As can be seen from Figure 6, the system consists of a 
MZ-IM that is biased at the maximum transmission point of the transfer function to 
suppress the odd-order optical sidebands. A fiber Bragg grating (FBG) serving as a 
wavelength-fixed notch filter is then used to filter out the optical carrier. A stable, low-phase 
noise mm-wave signal that has four times the frequency of the RF drive signal is generated 
at the output of the PD. 
Advantages of the 2f and 4f methods 
Both the 2f and 4f methods rely on optical heterodyning. Therefore, they are capable of 
generating high frequency mm-waves. Since the same laser generates both optical fields, the 
phase noise is highly correlated resulting in very narrow linewidth mm-waves. In fact, the 
performance of these methods in terms of phase noise is comparable to the OPLL system. A 
key advantage of these approaches in [26,27] is that an optical modulator with a maximum 
operating frequency of 15 GHz can generate a millimeter-wave signal up to 60 GHz. 
Disadvantage of the 2f and 4f methods 
The main disadvantage of these techniques is that both approaches use optical filters to 
select the two optical sidebands. Another disadvantage is that in order to generate tunable 
mm-wave signals, a tunable optical filter must be used. These two disadvantages 
significantly increase the complexity and the cost of the system. 
2.1.5. Microwave generation using a dual-wavelength laser 
Microwave signals can also be generated using a dual wavelength laser source with the two 
wavelengths separated at a desired frequency [29]. It is different from the techniques of 
optical injection locking and the OPLL because, the two wavelengths from a dual 
wavelength laser source are not locked in phase. However, due to the fact that the two 
wavelengths are generated inside same cavity, the phase correlation between the two 
wavelengths is better than that using two free-running laser sources. To ensure that the two 
wavelengths are in single-longitudinal mode, a dual-band filter with ultra-narrow 
passbands must be used, thus, limiting the number of longitudinal modes to one in each 
passband. In the experimental demonstration [29], the ultra-narrow dual-band filter was a 
dual-wavelength ultra-narrow transmission band FBG with two ultra-narrow transmission 
bands, which was designed and fabricated based on the equivalent phase-shift (EPS) 
technique [30]. 
Advantages 
The advantage of using a dual-wavelength laser source to generate a microwave or mm-
wave signal is that the system is simpler with no need for a microwave reference source, 
which can significantly reduce the system cost. Due to the fact that the two wavelengths are 
generated from the same cavity, the phase correlation between the two wavelengths is better 
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than that using two free-running laser sources. The spectral width of the generated 
microwave signals is as small as 80 kHz with frequency stability better than 1 MHz in the 
free-running mode at room temperature. 
Disadvantages 
Due to the fact that three dual-wavelength ultranarrow transmission-bands can be 
incorporated into the laser cavity by using this technique, then microwave signals 
continuously tuned can not be generated. 
3. Relaxation oscillation frequency 
The relaxation oscillation frequency is the frequency of the quasi-sinusoidal oscillations 
around the steady state output power amplitude that occur during the disturbance of a 
continuously operating laser. Such oscillations are characterized by exponential damping. 
The phenomenon of relaxation oscillations has an effect on the performance of an 
unmodulated laser as well, by producing sidebands in the field fluctuation spectrum. They 
may be found directly from a small-signal measurement. Figure 7 illustrates the typical 
standard setup which is used for characterization of laser diodes. We assume that the laser 
diode is excited by an AC current source with amplitude 1I  and electrical frequency  , 
biased at the constant current 0I  by means of a bias-tee. The modulated laser output is 
coupled into an optical fiber and then into a semiconductor PIN diode, biased through a 
simple bias network. The detected signal is fed into a spectrum analyzer. 
 
Figure 7. Typical experimental setup for measurement of relaxation oscillation frequencies of laser 
diodes. 
3.1. Analysis of relaxation oscillation frequency  
The employed physical model for analyzing the harmonic power can be explained by 
considering the small signal modulation analysis where the total electric current injected 
into the laser diode is given by: 
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 0 1
j tI I I e    (3) 
If photon and electron densities inside the active region of a semiconductor laser are 
denoted, respectively, by PN  and EN , then expanding PN  and EN  as a Fourier series we 
find that these densities can be written as:  
 
0
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
  (5) 
where PnN  and EnN  are the corresponding expansion coefficients of the photon and 
electron densities, respectively. On the other hand, the well-known rate equations for a 
single mode laser diode are [31] 
  E Ei g E tr P
e
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V a N N N
dt qV
      (6) 
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V a N N N
dt      (7) 
here i  is the efficiency coefficient; e  is the carrier lifetime; a  is the differential gain; trN  is 
the threshold electron density;   is the cavity confinement factor; gV  is the cavity volume; 
and p  is the photon lifetime. In order to obtain information related with harmonic contents 
in optical output power of a laser diode, it is necessary to start our approach by substituting 
Eqs. (3) to (5) in Eq. (6) which results in 
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In a similar way, if we substitute Eqs. (4) and (5) in Eq. (7) we obtain 
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From DC Analysis (n = 0), however, we have: 
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The first harmonic of the photon density is generated directly by the first harmonic of the 
current applied to the laser diode, and we easily obtain [32] 
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Higher harmonics are found from recursive equations which in the general case for an 
arbitrary integer, 1k  , may be written as: 
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Hence, the kth  harmonic of the photon density may be calculated once all the lower 
harmonics of photon and electron densities are known. If we define kM  as the parameter 
which relates the kth  harmonic to the lower ones [33] 
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Therefore, we can find the kth  harmonics of photon and electron densities as 
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  
0k k
g
P P E k
V a
N N N M
jk
   (18) 
The frequency, RO , at which the amplitude of the power harmonic content reaches its 
maximum is called the Relaxation Resonant Frequency. From Eqs. (12) and (13), the primary 
harmonic of the photon density is obtained as [32] 
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On the other hand, if the optical output power for the kth  harmonic is given by 
p
k outk pk
m
hvV
P P N  , where m  is the mirror loss time, pV  represents the cavity volume 
and hv  is the energy per photon, then by using this last equation we can obtain the optical 
output power for the first harmonic, written as 
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The cavity confinement factor,  , is equal to the ratio, pV V ; therefore, the above can be 
written as: 
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By separating the real and imaginary parts of the denominator of Eq. (21), we finally  
get [33] 
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This expression clearly has two poles at: 
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which are located in the first and second quadrants of the complex  plane. We now notice 
that the real part of the denominator of Eq. (22) becomes zero at the frequency: 
 02 g PRO
p
V aN     (24) 
where 2RO ROf  . Since usually 0
1
g P RO
p
V aN     holds, we conclude that the 
magnitude of Eq. (22) also reaches a maximum when RO  . Hence, the denominator 
becomes purely imaginary, and the primary power harmonic content reaches its resonance 
mode. The optimum modulation frequency is the resonant frequency, which is determined 
from the bias current. Therefore, the optimal operation point for modulation where the 
power of the primary harmonic reaches its maximum must lie on the curve obtained from 
the following [34]. 
  0gRO i th
p
V a
I I
qV
    (25) 
From the laser rate equations it is clear that the relaxation oscillation frequency should be 
proportional to the square root of the difference of the injection current and the threshold 
current. Thus, from Eq. (25) we can see that there is a linear relationship between relaxation 
oscillation frequency and the square root of the difference between the injection current and 
the threshold current. On the other hand, when the laser current density is lightly increased 
above its threshold value, the laser output power may be written as [35]. 
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where 
1.24
d
o
   is called the differential responsivity of the laser (W/A). 
4. Operation principle of direct detection 
When a laser is biased in the threshold current region as shown in Figure 8, the laser 
intensity presents oscillations know as relaxation frequencies and can be seen as sidebands 
on both sides of the main laser line. In this case the electric field emitted by the laser diode 
can be represented as a directly modulated optical signal. After passing through an optical 
fiber, the optical field incident on the PD can be expressed as [36, 37] 
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 ( ) cos(2 ) cos2 ( ) cos2 ( )o o RO o RO RO o ROE t E f t E f f t E f f t        (27) 
Where of  is the optical frequency of the main laser line, and both o ROf f  and o ROf f  
represent optical sidebands. This method of detecting optical fields as shown in Figure 8 is 
called direct detection. 
 
Figure 8. Direct detection to generate relaxation oscillation frequency when laser is operated in low 
threshold region. 
The photo-detector responds to the power in the total field that it collects. The photo-current 
generated in the detector is proportional to the squared magnitude of the field and it is 
given by [38] 
 
2
( ) ( ) ( )i t E t P t     (28) 
where ( )P t  is the optical power and   is the detector responsivity given by [38] 
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Where (0 1)    is the detector quantum efficiency, the parameters q  and h  are 
electronic charge (1.6021 x 10-19 C) and photon energy ( h  = 6.6256 x 10-34 J, c  ) 
respectively. Substituting Eq. (27) into Eq. (28), and by using trigonometric identities, we 
obtain 
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Notice that there are many terms in the detected signal expression where the PD cannot 
follow currents that are varying at 2 of , 2 o ROf f , 2 o ROf f , 2 2o ROf f  and 2 2o ROf f  
so these currents average to zero. The average current from the PD will consist of four 
terms. 
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The photo-current generated at the PD is found in a similar way as 
 ( ) 2 cos2 ( ) cos2 (2 )
2
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i t P P P f t P f t          (32) 
The first two terms correspond to DC photo-currents and contain no information, but they 
do contribute to the shot noise of the signal detected. The next two terms correspond to the 
signal information which contains the relaxation oscillation frequency ROf  and its harmonic 
located at 2 ROf . 
5. Microwave photonic link by using external modulation 
The photonic link described in this section is shown in Figure 9. The optical source  
is a continuous-wave DFB laser, followed by an EDFA. Amplified light is launched  
into the MZ-IM. Microwave modulation is imposed on the optical carrier through the MZ-
IM.  
 
Figure 9. Microwave photonic link. 
The modulated signal passes through optical fiber and is then incident upon the 
photodetector. Photodetector output can be connected to a microwave spectrum analyzer to 
observe gain, noise figure, and distortion of the microwave signal obtained at the end of the 
link. 
For a modulator with half-wave voltage of Vπ , signal voltage V , input power Pin, and 
insertion loss α, the modulated output power can be written [39, 40] 
 1 cos
2
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out
P V
P
V
          
 (33) 
This expression can be examined in more detail by separating the signal voltage into a DC 
bias, Vb, and a modulation voltage, Vm. 
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Using a trigonometric identity for the sum of cosines, the output power can be rewritten as: 
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 (35) 
Typically, the DC bias point of the MZ-IM is chosen to bring the modulator into quadrature. 
This is accomplished by operating at Vb = Vπ /2. At this bias voltage, the transfer curve is 
linear and even order harmonics are suppressed.  
Deviation from the quadrature bias point can be described by an angle . 
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At  = 0, Vb = Vπ /2 and the modulator is in quadrature. This corresponds to the typical linear 
transmission regime for an electro-optic modulator. The quadrature output power from the 
modulator is denoted by PQ. 
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 (38) 
For single applications, the DC bias point of the MZ-IM can be shifted away from the 
quadrature point. Even-order distortion is increased, but these terms lie outside the 
frequency range of interest. As the bias point is shifted, shot noise falls linearly with 
transmission and RIN is reduced quadratically. However, the link gain is only reduced 
at the rate of sin2 . For links dominated by RIN, shifting the bias point toward the 
transmission null reduces the link noise figure. This improvement continues until the 
shot noise limit is reached. Consider a MZ-IM biased near  = 90º. This corresponds to 
an operating regime with reduced output power. For simplicity, let  = 90º − δ so that  
 = 0º corresponds to the quadrature operating point and δ = 0º corresponds to the 
transmission null. These operating regimes and angles are summarized graphically in 
Figure 10.  
By substituting δ for π/2 − , the modulator output power can be written as [40] 
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The first bracketed term represents continuous wave output power. The second term 
contains even-order harmonic components. The third term contains the linear signal of 
interest as well as odd-order harmonic components. Note that for δ = 90º, Pout = PQ as 
expected. For δ << 1, the output power can be approximated by using a Taylor series 
expansion to replace sin δ with δ and cos δ with 1- δ2/2. 
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 (40) 
The harmonic components can be identified by assuming small signal operation with 
πVm/Vπ  << 1. For the cosine function, the Taylor series expansion can be truncated after the 
first term. This truncation is justified by operating the modulator over a single octave so that 
even-order distortion can be neglected. 
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 (41) 
The sine term can be expressed using a third-order Taylor series expansion. 
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From this expression, it can be seen that the DC term decreases more rapidly than the 
modulation term for a given increase in δ. By shifting the DC bias point away from 
quadrature, carrier suppression can be achieved. This can create a double sideband 
suppressed carrier (DSB-SC) modulation format. 
 
Figure 10. Quadrature and bias-shifted operating regimes. 
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6. Passive components for microwave photonics 
This section presents an overview of the passive components for microwave photonics such 
as optical fiber, optical isolator, polarization control and optical fiber couplers. 
6.1. Optical fiber 
The optical fibers used in analog photonic links have a very simple structure. They consist of 
two sections: the glass core and the cladding layer as shown in Figure 11. The core is a 
cylindrical structure, and the cladding is a cylinder without a core. Core and cladding have 
different refractive indices, with the core having a refractive index, n1, which is slightly higher 
than that of the cladding, n2. This difference in refractive indices enables the fiber to guide the 
light. Because of this guiding property, the fiber is also referred to as an “optical waveguide.” 
Besides these two sections there is also a further layer known as the secondary cladding that 
does not participate in the propagation but gives the fiber a minimum level of protection. 
 
Figure 11. Typical optical fiber (a) cross section, (b) longitudinal cross section. 
The basics of light propagation can be discussed with the use of geometric optics. The basic 
law of light guidance is Snell’s law as shown in Figure 12(a). Consider two dielectric media 
with different refractive indices and with n1 > n2 and that are in perfect contact. At the 
interface between the two dielectrics, the incident and refracted rays satisfy Snell’s law of 
refraction and can be written by 
 1 1 2 2sin sinn n   (43) 
 
Figure 12. Snell’s law, (a) showing transmitted ray, (b) showing total reflection when critical angle is 
achieved. 
(a) (b) 
(a) (b)
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In addition to the refracted ray there is a small amount of reflected light in the medium with 
refractive index 1n . Because 2 1n n  then always 2 1  . As the angle of the incident ray 
increases there is an angle at which the refracted ray emerges parallel to the interface 
between the two dielectrics as shown in Figure 12(b). This angle is known as the critical 
angle, cr it , and from Snell’s law is given by 
 1 2
1
sincrit
n
n
         (44) 
For a ray to be launched into the fiber and propagated, it must arrive at the interface 
between the two media (with different refractive indices) at an angle that is at minimum 
equal to cr it . Figure 13 illustrates the geometry for the derivation of the acceptance angle. 
To satisfy the condition for total internal reflection, the ray arriving at the interface between 
the fiber and outside medium, like air, must have an angle of incidence less than acc , 
otherwise the internal angle will not satisfy the condition for total reflection, and the energy 
of the ray will be lost in the cladding. From Snell’s law at the interface we obtain 
 211o sinnsinn   (45) 
 
Figure 13. Geometry for the derivation of the acceptance angle. 
From the right triangle ABC in Figure 13, the angle 22    . Substituting 2 into Eq. (45), 
we obtain  
 1 1sin coson n   (46) 
In the limit as the incident angle, 1  approaches acc , the internal angle approaches the 
critical angle for total reflection, cr it . Then, by introducing the trigonometric relation 
2 2sin cos 1    into Eq. (46), we obtain 
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 (47) 
This equation defines the angle within which the fiber can accept and propagate light and is 
known as the “Numerical Aperture” (NA).  
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  1 22 21 2sino accNA n n n    (48) 
This equation states that for all angles of incident where the inequality 10 acc    is 
satisfied, the incident ray will propagate within the fiber. The parameter NA expresses the 
propensity of the fiber to accept and propagate light within the solid cone defined by an 
angle, 2 acc . The equation for the NA can be also expressed in terms of the fractional change 
in the index of refraction of core and cladding  . This refractive index difference is given by 
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With these simplifications the NA can now be written as 
  1 21 2NA n   (50) 
6.1.1. Attenuation in fiber 
Attenuation in optical fiber leads to a reduction of the signal power as the signal propagates 
over some distance. When determining the maximum distance that a signal can propagate 
for a given transmitter power and receiver sensitivity, one must consider attenuation. Let 
( )P L  be the power of the optical pulse at distance L km from the transmitter and fiber  be 
the attenuation constant of the fiber (in dB/km). Attenuation is characterized by [41] 
 10( ) 10 (0)fiber
L
R TP L P
  (51) 
Where (0)TP  is the optical power at the transmitter and the received optical power for a link 
length of L km, is ( )RP L . The maximum distance between the transmitter and the receiver 
depends more heavily on the constant fiber  than on the optical power launched by the 
transmitter. This distance is given by 
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6.2. Optical isolator 
An isolator inside an optical fiber link allows the propagation of the light in only one 
direction (from left to right as is indicated in Figure 14), with minimum loss, avoiding 
reflected light in sense inverse. Depending on the design, the reflected optical signal has an 
attenuation value of 40 to 70 dB [42]. 
 
Figure 14. Scheme and flux of signals across an optical isolator. 
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The optical isolator is a network of 2 ports, and as such, it can be described by a scattering 
matrix 2x2 
 11 12
21 22
S S
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S S
    
 (53) 
This device is characterized by two parameters: the insertion losses (L), and the isolation 
relationship (I), both expressed in dB. These parameters are related by the optical power at 
the input and the output of the device, the optical fields in their two ports, and their 
scattering parameters by means of the following relationships: 
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(55) 
In an ideal isolator, insertion losses are L = 0 dB, and the isolation relationship is I   . 
Generally, optical isolators are placed at the output of the optical sources in order to avoid 
reflections of light from returning back to the source avoiding in this way instabilities. 
Furthermore, isolators are used by the Doped Fiber Amplifiers with the aim of avoiding an 
oscillating behavior. Figure 15 illustrates a basic diagram of an optical isolator and is used to 
explain the basic operation of this device [43]. Light propagating from left to right is linearly 
polarized by means of a vertical polarizer "A" placed at the input port of the isolator. Then 
the polarization plane of the light is rotated 45° by means of a polarization rotator. Finally, 
the light is transmitted through a linear polarizer "B" whose axis forms an angle of 45° in 
relation to the axis of the polarizer "A". The reflecting signal (light propagating from right to 
left), is linearly polarized into the polarizer "B" 45° with respect to the axis of the polarizer 
"A". Subsequently, a rotation of the plane of linear polarization at 45° is made, and by 
consequence at the input of the polarizer "A," its polarization plane forms an angle of 90° 
(orthogonal) with its axis of polarization. By consequence, the light is blocked. 
 
Figure 15. Principle of operation of an optical isolator. 
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6.3. Polarization rotator 
A polarization rotator rotates the polarization plane of an optical field linearly polarized at 
its input at an angle   [43]. If the input signal is an optical field linearly polarized forming 
an angle 1  with the axis x, then the Jones Matrix can be expressed as 
 1
1
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

    
 (56) 
The output signal is an optical field linearly polarized forming an angle 2 , and by 
consequence the Jones matrix corresponding to the rotator is given as 
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where: 2 1    . 
6.4. Polarization control 
A polarization control changes the polarization state of the light. Currently in the systems, 
the polarization controls can be inserted in the arms of an optical signal or in the arms of a 
signal of an optical local oscillator in order to maintain or to match the polarization state of 
both signals. Figure 16 shows a scheme corresponding to a polarization control. Basically, 
this scheme is composed of a monomode optical fiber crossing three plates. The optical fiber 
(from left to right in the figure) is rolled in a circular way one time in the first plate, 2 times 
in the second plate, and finally 1 time in the third plate. 
 
Figure 16. Polarization Control. 
For a particular wavelength and an appropriate diameter of the plates, phase changes are 
introduced in the incident optical field due to the stress applied to the optical fiber, and by 
consequence, a birefringence is induced. The birefringence degree is function of the material 
of which the optical fiber, the plate diameter, and the cladding diameter of the optical fiber 
is composed, and it is defined as [44] 
 2( / )n a r R   (58) 
where α is a parameter related to the fiber material, r is the cladding diameter, and R is the 
plate diameter defined 
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 28 /R ar   (59) 
When an optical field is propagated by the fiber control, this field will suffer a phase change 
of 90° at the output of the first plate, and by consequence this plate has a similar behavior  
as a retarder plate of /4 [44]. The second plate acts as a retarder plate of /2 because at  
the output the optical field has a phase change of 180° This phase change can be expressed 
as [44]. 
 (2 / ) 2n R       (60) 
Taking into account this effect and assuming that the incident optical field has an elliptical 
polarization state, the first retarder plate /4 changes this polarization state to a lineal 
polarization state. The second retarder plate /2 rotates the polarization state toward a 
specific direction. Finally, the third plate /4 changes the linear polarization into a desired 
polarization state. 
6.5. Optical fiber couplers 
The optical system communications requires devices capable of coupling light from one 
fiber or various fibers to others. Typically, this coupling of light has been achieved by using 
beam splitters fabricated on bulk devices. However, for the case of guided signal 
transmission this task can be achieved by using couplers [45]. A coupler is a passive device 
capable of distributing energy from M input guides to N output guides [45]. In this sense, 
two technologies have been developed to fabricate couplers. One of these is based on optical 
fibers whereas the other is based on bulk optics, however the principles of operation are 
similar in both cases. Currently, the coupler most commonly used in optical system 
communications is the directional coupler 2x2. Figure 17 illustrates a scheme of this type of 
coupler. 
 
Figure 17. Scheme of an optical coupler 2x2. 
From this figure, it is clearly appreciable that this is a 4-port device. In technology of optical 
fibers, this device can be of two types: (a) Evanescent field [46, 47], and (b) Modal 
interference. In the first case, the evanescent mode corresponding to the fundamental mode 
of a guide is used to excite the apparition and propagation of the fundamental mode in 
another guide producing a controllable energy. In the second case, a common bimodal zone 
to both guides is generated obtaining in this way the transfer of energy by means of a 
controlled interference between the modes that are being propagated in this zone. The 
coupler of evanescent field is generated by placing two guides very near between them as is 
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illustrated in Figure 18(a). The evanescent field of the fundamental mode in one of the two 
guides is introduced and excites the apparition of the fundamental mode in the other guide 
whose evanescent field excites and causes a transfer of energy to the first guide. This process 
is produced in a continuous way generating a periodic signal exchange between the two 
guides [45]. 
 
Figure 18. Transfer of energy in an evanescent field coupler (a). Diagram of a coupler based on a 
bimodal zone (b). 
For the coupler based on modal interference, see Figure 18(b), the coupling zone is 
constituted by a common region of dimensions larger than the input and output of the 
guides allowing in this way the propagation of two modes (bimodal guide). The coupling 
energy between both produces the propagation of energy from one guide to another 
[45].The analysis for these types of devices uses the coupling equations. There are two 
coupled modes that correspond to the fundamental modes of each guide. If 1( )a z  and 2( )a z  
are the amplitudes corresponding to the fields of the fundamental modes of Guides 1 and 2, 
and 1  and 2  are the propagation constants (not necessarily equal), then the coupling 
equations between modes are for this case 
 
1
1 1 12 2
2
2 2 21 1
da
j a K a
dz
da
j a K a
dz


  
  
 (61) 
For the case of guides without losses, and taking into account the conservation principle of 
energy, *12 21K K , where 21K jc . The constant c is the coupling coefficient given as 
 
*2 212
2 1 2( ( , ) ) ( , ) ( , )4
t toKc n x y n E x y E x y dxdy
j P
  
 
     (62) 
where   is the angular frequency (rad/sec), P is the power, o  is the permittivity in the free 
space, 2n is the index refraction corresponding to the cladding of both fibers, ( , )n x y  is the 
transversal variation of the index refraction corresponding to the zone where the guides are 
very near between them, and 1( , )
tE x y  and 2( , )
tE x y  are the transversal profiles 
corresponding to the fundamental modes for the Guides 1 and 2, respectively. To solve Eq. 
(61), it is necessary to use the parameter 1 2( ) / 2    . This parameter indicates the 
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difference between the guides that composes the coupler. The solution of (61) provides the 
values of the amplitudes of the electric field in any point z  for both guides 1( )a z  and 2( )a z  
in function of the values of the amplitudes of electric fields to its input 1(0)a  and 2(0)a . The 
solution can be expressed as a matrix [45] 
 
1 2
21 1
* *
2 2
( ) (0)
( ) (0)
j A jBa z a
e
a z aJB A
                      
 (63) 
Where 
 
   
 
2 2
2 2
2 2
2 2
2 2
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sen z c
A z c j
c
sen z c
B c
c

 




  




 (64) 
The phase factor 1 2exp
2
j
       is a common factor, and so it is not necessary to be 
considered in subsequent calculations. In practice, optical fiber couplers are made using similar 
fibers, for this reason 1 2     and 0  . Consequently, the matrix relationship (63) is 
  1 1
2 2
cos ( )( ) (0)
( ) (0)( ) cos( )
cz jsen cza z a
a z ajsen cz cz
              
 (65) 
Defining the coupling constant as 2( )k sen cz , then (65) takes the form 
 1 1
2 2
( ) (0)1
( ) (0)1
a z ak j k
a z aj k k
             
 (66) 
Since the coupling constant k  is generally variable with wavelength, the characteristics of the 
coupler may vary with the operating frequency. However, this effect can be utilized to create 
optical filters, multiplexers and wavelength demultiplexers [45]. The energy transfer process 
can easily be evaluated assuming that at the input of the coupler there is only signal in Guide 
1, this is, 2(0) 0a  . From equation (65) it is possible to obtain the optical power in each guide 
for each value of z: 
 
2 2
1 1 1 1
2 2
2 2 1 1
( ) ( ) (0)cos ( ) (0)(1 )
( ) ( ) (0) ( ) (0)
P z a z P cz P k
P z a z P sen cz P k
   
  
 (67) 
A special case is when 1 / 2k  . In this case, the optical power in the input guide is divided 
equally between the two output guides of the coupler. The device is then called a 3 dB 
coupler. 
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Until now, the description of the coupler has been made on the assumption that it behaves 
ideally, this is, without considering losses. In practice this is not real, and from experimental 
as well as commercial points of view, it is necessary to define a set of parameters that allows 
the behavior of the coupler to be determined. 
Coupling constant 
 4
3 4
P
k
P P
   (68) 
This constant indicates the optical power division between the output ports. 
Excess Loss 
 1
3 4
( ) 10log( ) 10
P
dB Log
P P
        
 (69) 
This parameter provides the relationship between the total power at the input and the 
output power of the device. 
Directivity coupler 
 2
1
( ) 10
P
D dB Log
P
    
 (70) 
This parameter indicates the fraction of input power that the coupler returns in the form of 
signal retro-propagated to Guide 2. 
Insertion Losses 
 1
3
( ) 10i
P
L dB Log
P
     
 (71) 
This parameter indicates the level of losses introduced by the coupler considering that the 
signal propagation is through a given configuration of the input port and the output port. 
7. Experimental results 
According to the theoretical descriptions explained in this chapter, we have assembled in 
the laboratory the proposed experimental setup shown in Figure 1. For the stage where 
relaxation oscillation frequencies were measured, we used two fiber-coupled DFB laser 
sources (Thorlabs, model S3FC1550) with a central wavelength of 1550 nm, a threshold 
current of 8 mA and a differential responsivity of 0.25 mW/mA. An optical isolator OI was 
connected to each DFB laser to avoid instabilities from feedback into the lasers, and an 
optical coupler was used to split the optical beam. In order to increase the power level of the 
microwave signal, it was necessary to connect an EDFA in one of the ports of the optical 
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coupler. After that, the amplified optical signal was launched to fast photodetector PD1 
(MITEQ model DR-125G-A) which has a typical optical-to-electrical transfer gain (V/W) of 
1900, and –3 dB bandwidth of 12.5 GHz. In order to measure the optical spectrum of the 
DFB laser, it was necessary to connect the other port of optical coupler to an OSA Anritsu 
model MS9710C. On the other hand, the obtained photo-current by photo-detector was 
measured by using an ESA, Agilent model E4407B.  
 
Figure 19. Measured spectrums: (a) showing relaxation oscillation frequencies, (b) microwave signal by 
using direct detection. 
 
Figure 20. Microwave signal continuously tuned. (a) between 4 and 5 GHz, (b) between 4.5 and 5.5 
GHz. 
As can be seen from Figure 19(a), the optical spectrum of one of the lasers (DFB 1) exhibits 
sidebands on both sides of the main laser line as a result of it being biased in the threshold 
current region. In this case, its optical power was emitted at 1.15 mW at a temperature of 
23.5º C. According to Eq. (26), the injection current was approximately at 12.6 mA. With 
these operation data, a microwave signal was obtained on C band by using direct detection, 
as shown in Figure 19(b). This spectrum shows a microwave signal located at 4.17 GHz and 
its harmonic located at 8.34 GHz. This result is in good agreement with Eq. (32). Similar 
(a) (b)
(a) (b)
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results were found with the DFB 2 laser when it was operated in the low laser threshold 
current region. Because of its linear relationship between relaxation oscillation frequency 
and the square root of the difference between the injection current and the threshold current 
as defined in Eq. (25), and since the optical power of each DFB laser can be tuned by using a 
power controller system which modifies the injection current through a laser diode 
correspondingly, we obtained several microwave signals located between 4 and 5 GHz for 
DFB 1 when it was tuned between 0.7 mW and 0.8 mW at a temperature of 25º C, as can be 
seen in Figure 20(a). Microwave signal were obtained between 4.5 and 5.5 GHz, when the 
optical power of DFB 2 was tuned between 0.9 mW and 1 mW with a temperature of 26º C 
as can be seen in figure 20(b).  
To show a potential application in the field of communication systems of relaxation 
oscillation frequencies, we report herein the simultaneous multiplexed transmission of an 
analog TV signal of 67.25 MHz (TV channel 4) over a photonic link of 30 Km of optical fiber 
by using two microwave signals at 4 and 5 GHz. From the experimental setup illustrated in 
Figure 1, it can be seen that the obtained relaxation oscillation frequencies from the PD1 
were mixed with a TV signal by using an electrical frequency mixer (Mini-Circuits, model 
ZX05-U72MH-s+). Then the obtained modulated signal as shown in Figure 21(a), was 
amplified and transmitted through a photonic link of 30 Km of optical fiber. Such 
microwave sub-carriers were applied to an electro-optic modulator which imprints the 
electric signal on the laser emission. The intensity-modulated optical signal of DFB 3 laser 
was then transmitted through the optical channel. After that, in the receiver, the transmitted 
information was photo-detected. The spectrum of the multiplexed microwave signal after 
photodetection is shown in Figure 21(b). The output electrical spectrums in Figure 21 clearly 
show the multiplexed microwave sub-carriers. The spectral separation is approximately 1 
GHz. According to the experimental setup shown in Figure 1, the photo-detected signal is 
amplified, filtered and synchronously down-converted to recuperate the analog TV signal of 
67.25 MHz. The resulting power spectral density was displayed in an electrical spectrum 
analyzer, where it was analyzed to measure the power level of recovered information. 
 
Figure 21. Modulated relaxation oscillation frequencies with a TV signal. (a) applied to electro-optic 
modulator, (b) after photodetection. 
(a) (b)
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Figure 22. TV signals at 67.25 MHz, (a) transmitted (b) recovered. 
Figure 22(a) shows the frequency spectrum of an analog NTSC TV signal at the input of the 
transmitter located at 67.25 MHz (before being applied to a frequency mixer). In Figure 22(b), 
we can see the obtained analog NTSC TV signal at the output of the receiver when the local 
oscillator was synchronized at 4 GHz. The analog information was successfully transmitted 
from the transmitter to the receiver, and the received signal was satisfactorily reproduced at the 
receiver without noticeable degradation compared the original NTSC TV signal. Before 
experimentally quantifying the parameter of SNR for both cases (TV transmitted and recovered 
in the proposed photonic link), it is essential to give an analysis of noise in terms of SNR. 
7.1. SNR performance of an analog photonic link  
To reconstruct a signal at the receiver faithfully, the noise power must be small compared to 
the signal level. In other words, the SNR is a figure of merit in characterizing a receiver 
circuit. There are three dominant noise sources on the optical receiver side of an analog 
photonic link: thermal noise, shot noise, and received relative intensity noise (RIN). The RIN 
are the fluctuations of the laser intensity caused by random spontaneous light emissions. In 
a PD, noise can be attributed primarily to two factors. The shot noise, also known as 
quantum noise, originates from the statistical nature of photon-to-electron conversion. 
Thermal noise, on the other hand, is an intrinsic property of any electrical circuit that is 
connected to the PD.  
7.1.1. Shot noise 
Photon-to-electron conversion is fundamentally a quantum mechanical process. When a 
photon is absorbed, a pair of electron-holes is generated. Therefore, the photo-generated 
current is not truly continuous but has a discrete nature. It fluctuates around some average 
value as a result of the discrete charge of the carriers that contribute to it. Because of the 
random nature of the current fluctuations, the noise current must be characterized in a 
statistical manner. It is common to describe the noise current by its mean square value. For a 
PIN detector, the mean square value of the shot noise is [48]. 
(a) (b)
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 2 2s PqI B   (72) 
where PI  is the photo-current, q is the electron charge, and B is the bandwidth within 
which the noise is being measured. Eq. (72) implies that shot noise has a constant spectral 
density, an assumption that holds for all frequencies of interest. Normally, B is set by the 
bandwidth of the receiver. This shows that one way to minimize the effects of shot noise is 
to keep the bandwidth of circuit as narrow as possible. The current flowing through a PIN 
diode is not just photo-generated. Any reverse bias junction has a leakage current.  
For photo-detectors, the leakage current is called dark current DI , because it exists even 
when there is no optical power. As a result, the mean square value of the total shot noise  
is given by 
  2 2s P Dq I I B    (73) 
7.1.2. Thermal noise 
Shot noise is a consequence of the quantum nature of light detection. Therefore, it is a 
fundamental property of the photo-detector and sets a maximum limit on the value of SNR. 
In such a case, the SNR is said to be quantumly limited. In reality, however, there are other 
sources of noise almost always present. Chief among these is thermal noise, also known as 
Johnson noise, associated with the electric circuits connected to the detector. The source of 
this noise is the thermal motion of electrons in the load resistor LR . The mean squared of 
the thermal noise in the load resistor is given by 
 2 4
T
L
kTB
R
   (74) 
where k is Boltzmann’s constant, T is the absolute temperature, and B is bandwidth. Like 
shot noise, thermal noise has a constant spectral density. This is another reason to keep the 
bandwidth of a receiver as low as possible, i.e., just sufficient to pass the signals of interest. 
7.1.3. Relative intensity noise 
Any real laser has a certain amount of noise due to spontaneous emission. As a result both 
the amplitude and the phase are randomly varying in any real laser, then the wave front a 
DFB laser source may be represented by its electric field as 
    1( ) 1 ( ) exp 2 ( )o oE t E V t j t t     (75) 
where ( )V t  and ( )t  represent the amplitude and phase of the noise, respectively. If the 
field expressed in Eq. (75) is detected by a photo-detector with responsivity  , the 
resulting current is given by [49]  
  22o )t(V1EI   (76) 
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Typically, the amplitude noise, ( )V t , is very small so that Eq (76) can be rewritten as 
  )t(V21EI 2o   (77) 
The noise term 2 ( )V t  represents the RIN; it describes the laser power fluctuations. The 
power spectral density of the RIN is denoted by  ; it has the units of 1/Hz. The quantity 
log10 is known as the RIN. 
 10 log ,R IN    dB/Hz (78) 
The typical values of RIN for a DFB laser are better than -155 dB/Hz. The power spectrum of 
the RIN is not flat, hence it is not a white noise source. In an analog photonic link, we use a 
photodiode to detect the optical power from the M-Z modulator. Thus, RIN can be 
expressed as [50]. 
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From Eq. (79), we obtain the received mean square current RIN noise of the receiver as: 
 BIRINi 2D
2
RIND   (80) 
Comparatively, 2RINDi  is proportional to 
2
DI , whereas the shot noise is linearly proportional 
to DI . Therefore, the RIN noise will tend to be the dominant noise, when the laser average 
power is increasing. 
7.1.4. Signal-to-Noise Ratio (SNR) 
Once we have characterized the noise level at the input of a receiver, it is possible to analyze 
the SNR. The SNR is an important parameter because it determines the performance of a 
receiver. In analog receivers, SNR is the main figure of merit and characterizes the quality of 
the analog link. Assuming that all of the noise sources described previously are 
uncorrelated, the signal-noise ratio of the link at the single photo-detector can be expressed 
by: 
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From Eq. (81), RP  is the received optical power at the end of the optical link. On the other 
hand, according to the Figure 9 and Eq. (42), and considering that the modulated optical 
power at the output of MZ-IM is propagated through an optical fiber of length L, the RP can 
be written by 
/ 10
10 fiber
L
R ou tP P
 . Here fiber  is the optical fiber loss, and L is the 
 
Photonic Components for Analog Fiber Links 161 
transmission distance of the optical fiber. In that case if we consider that πVm/Vπ  << 1 then 
Eq (81), can be rewritten as 
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 (82) 
This equation provides several insights into the SNR behavior of a receiver. Notice that as 
expected, increasing the optical power Pin increases the SNR. On the other hand, increasing 
the bandwidth of the receiver, B, reduces the SNR. The denominator of Eq. (82) shows the 
contribution of thermal noise, shot noise and RIN to SNR. An interesting point is that as LR  
increases, the effects of thermal noise decrease. In a practical circuit, however, LR  cannot be 
increased too much because it will reduce the bias headroom of the photo-detector. 
7.1.5. Experimental (SNR) 
In order to measure the quality of the received signal, it was necessary to experimentally 
quantify the parameter of signal-to-noise ratio (SNR) for both cases (TV transmitted and 
recovered in the photonic link).  
 
Figure 23. TV signals at 67.25 MHz in order to measure experimentally the SNR parameter, (a) 
transmitted (b) recovered. 
As can be seen from figure 23(a), the SNR measured in a bandwidth of 6 MHz was of  
52.67 dB. On the other hand the SNR measured in the receiver was of 46.5 dB as shown in 
figure 23(b). Notice that the SNR measured in the receiver was degraded by 6.17 dB due to 
the optical fiber loss and it could be improved substantially with the addition of another 
stage of electrical amplification at the end of the link. However, values of SNR > 45 dB 
(a) (b)
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ensure a good quality of images [51]. The differential gain and differential phase were not 
measured in this chapter. Nevertheless we have experimentally demonstrated that the 
generated microwave signal (relaxation oscillation frequency) by using direct detection can 
be used as information carriers in a multiplexed transmission system based in an analog 
photonic link and we have used a TV signal of test to verify it. 
8. Conclusions 
In this chapter we have described optical components used in the proposed experimental 
setup, as well as, we have experimentally demonstrated that two DFB lasers biased in the low 
laser threshold current region showed relaxation oscillation frequencies in the laser intensity. 
These frequencies were seen as sidebands on both sides of the main laser line when the 
optical spectrum was analyzed with a spectrum analyzer. This result allowed the generation 
of microwave signals on C band by using the operation principle of direct detection. Along 
with the proposed experimental setup in this work, an analog NTSC TV signal was 
simultaneously transmitted in an analog photonic link by using relaxation oscillation 
frequency as information carriers located at 4 and 5 GHz. The TV signal was received 
satisfactorily when the local oscillators were synchronized in the receiver. For our proposed 
experimental setup to be recovered the transmitted information successfully, it was necessary 
to have additional amplifiers which adapt the power levels, improving the quality of the 
signals. The results obtained in this work ensure that as an interesting alternative, several 
modulation schemes can be used for transmitting not only analog information but also digital 
information by using relaxation oscillation frequencies as information carriers. The proposed 
experimental setup described here can generate continually tuned microwaves. In addition, 
we can use this feature to transmit several TV signals using frequency division multiplexing 
schemes (FDM) and wavelength division multiplexing (WDM) techniques, not only point to 
point but also by using bidirectional systems, exploiting the use of mature microwave signal 
processing techniques, where multiple signals are multiplexed in the microwave domain and 
transmitted by a single optical carrier when subcarrier multiplexing (SCM) schemes are 
proposed. To the best of our knowledge, this is the first published work on the employ of 
relaxation oscillation frequencies as information carriers for transmitting analog TV signals 
on a long distance photonic link. In addition, as an alternative of analog photonic links, our 
proposal shows outstanding performance. 
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